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THE FORMATION OF B I N A R Y  STARS 

L. E .  Gurevich and B. Yu.  L e v i n  

ABSTRACT: The formation and d i s rup t ion  of b i n a r i e s  i n  a 
near -equi l ibr ium s t a r  c i u s t e r  is  analyzed.  
conclude t h a t  i n  c e r t a i n  star c l u s t e r s  t h e  mean s t a r  den- 
s i t y  i s  high enough f o r  t h e  formation of l a r g e  numbers of 
b i n a r i e s  through random encounters of s i n g l e  s ta rs ,  Mecha- 
nism of "evaporation" from such c l u s t e r s  is proposed t o  
exp la in  t h e  r e l a t i v e l y  large numbers of  b i n a r i e s  ou t s ide  
c l u s t e r s .  

The au thors  

/ 273  - We know t h a t  g r a v i t a t i o n a l  systems cannot be  i n  a s t a t e  of complete, 
s t a t i s t i c a l  equi l ibr ium.  However, t h e  f a c t ,  e s t a b l i s h e d  by V .  A. Ambartsu- 
myan [ l ] ,  t h a t  t h e  time of d i s s i p a t i o n  of a g r a v i t a t i o n a l  system cons iderably  
exceeds t h e  time of r e l a x a t i o n  
equi l ibr ium s t a t e s  of  such a sys tem.  
ques t ion  of t h e  formation and d i s rup t ion  o f  b ina ry  stars i n  such almost 
equi l ibr ium s t a t e s  i n  t h e  galaxy and ind iv idua l  s t a r  c l u s t e r s .  

l eads  t o  t h e  p o s s i b i l i t y  of almost 
This work i s  dedica ted  t o  t h e  

The main conclus ions  are as follows: 

1. The time dur ing  which t h e  equi l ibr ium number of  s t a r  p a i r s  i s  formed 
due t o  approaches of  t h r e e  s t a r s  is comparable wi th  t h e  t ime requi red  f o r  
t h e i r  d i s r u p t i o n  due t o  random encounters wi th  s i n g l e  stars. 

2 .  The average evolu t ion  of a p a i r  due t o  random approaches 
by surrounding stars depends on whether t h e  p a i r  i s  "strong" o r  "weak," i . e .  
whether t h e  energy of i t s  o r b i t a l  movement i s  g r e a t e r  o r  less i n  abso lu te  
va lue  than  the  mean energy of t h e  approaching movement of stars approaching 
a t  a s i n g l e  degree of freedom. Strong p a i r s  tend  t o  decrease a ,  i . e .  
"beccme s t ronge r , "  while  weak p a i r s  tend t o  inc rease  a,  i . e .  t o  s e p a r a t e .  

Numbers i n  t h e  margin ind ica t e  paginat ion i n  t h e  fore ign  t e x t .  
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3 .  The time o f  formation of weak p a i r s  i s  less than  t h e  t ime of 
r e l a x a t i o n ,  s o  t h a t  they  can be formed i n  s t a r  systems i n  a s t a t i s t i c a l l y  
equi l ibr ium quan t i ty .  

t h e  r e l a x a t i o n  t ime and inc reases  approximately as l/a3'2. Therefore ,  i n  
s tar  systems, p a i r s  f o r  which a i s  an order  of  magnitude l e s s  than  
2a0 - -  t h e  boundary va lue  between s t rong  and weak p a i r s  -- can form i n  
almost equi l ibr ium quan t i ty .  

The time of  formation of s t rong  p a i r s  i s  g r e a t e r  than  

4. Analysis  cf equi l ibr ium d i s s o c i a t i o n  of s tar  p a r i s  i n  cons ide ra t ion  
of t h e  g r a v i t a t i o n a l  i n t e r a c t i o n s  between components shows t h a t  t he  
equi l ibr ium s t a t e  of  t h e  s tar  systems should correspond t o  a unique 
"condensation" of t h e  s t e l l a r  gas ,  i . e .  the  formation o f  a s i n g l e ,  c l o s e ,  
mu l t ip l e  system. 

Actua l ly ,  t h i s  s ta te  i s  not  achieved, s i n c e  i n  correspondence with 
item 3 above t h e  time of  formation of very c l o s e  p a i r s  i nc reases  without 
l i m i t  as t h e  length  of t h e  h a l f  a x i s  decreases .  

5.  The abundance of  b ina ry  s t a r s  in t h e  neighborhood of  t h e  sun and 
t h e  decreas ing  na tu re  of  t h e  curve of d i s t r i b u t i o n  by lengths  of h a l f  axes 
can be expla ined  q u a n t i t a t i v e l y  by the  assumption t h a t  t h e s e  p a i r s  were 
formed i n  g a l a c t i c  star c l u s t e r s  and "evaporated" from them. 

This  assumption agrees  with t h e  opinion r e c e n t l y  s t a t e d  by 
V.  A. Pmbartsumyan t h a t  t h e  formation of stars occurs  i n  s t e l l a r  a s soc i -  
a t i o n s .  

1 .  Kinetics o f  es tab l i shment  o f  s t a t i s t i c a l  equi l ibr ium.  The time 
dur ing  which a cons ide rab le  sha re  of the equi l ibr ium number of b inary  stars 
i s  formed due t o  random approaches of t h ree  stars i s  comparable with t h e  time 
of  d i s r u p t i o n  of  p a i r s  by random encounters wi th  surrounding stars,  es t imated  
f o r  wide Ambartsumyan p a i r s  [ 2 ] .  

/274 - 

Let u s  ana lyze  a s t e l l a r  system i n  which t h e  number of  b inary  stars i s  
much l e s s  than  t h e  number of s i n g l e  s t a r s .  Then, t h e  formation of p a i r s  by 
cap tu re  and d i s r u p t i o n  of  p a i r s  w i l l  occur i n  t h e  overwhelming ma jo r i ty  of  
cases under t h e  in f luence  of s i n g l e  s t a r s .  Captures and sepa ra t ions  under 
t h e  in f luence  of o t h e r  p a i r s  can be ignored. The change i n  t h e  number of 
p a i r s  i s  determined approximately by t h e  equat ion:  

h e r e  n i s  t h e  number of s i n g l e  s t a r s  per u n i t  volume, w'niie 11 

of p a i r s  w i th in  a c e r t a i n  i n t e r v a l  of  l a r g e  h a l f  a x i s  lengths  a .  We l i m i t  
ou r se lves  i n  (1.1) on ly  t o  captures  and s e p a r a t i o n s ,  a t tempt ing  no a n a l y s i s  
of  t h e  d e t a i l e d  k i n e t i c s  involved i n  gradual changes of  h a l f  axes ,  s i n c e  our  
purpose i s  only t o  produce a q u a l i t a t i v e  estimate of t h e  p r o b a b i l i t y  of 

i s  t h z  number 1 2  
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In t h e  equi l ibr ium s t a t e  dn / d t  = 0 and, consequent ly ,  1 2  

where t h e  zero r e p r e s e n t s  t h e  equi l ibr ium s ta te .  
stars i s  small, p r a c t i c a l l y  n = n 

(1.2) i n t o  ( l . l ) ,  we produce: 

Siiice t h e  sha re  o f  b ina ry  
Considering t h i s  and s u b s t i t u t i n g  0 '  

from which 

(1.3a) 

(1.3b) 

If t h e  formation of a p a i r  does no t  occur,  t hen  (1.3a) t a k e s  on t h e  form: 

From t h i s  we s e e  t h a t  to  = 1/Pn i s  the  time cons tan t  f o r  d e s t r u c t i o n  o f  

p a i r s  by "shocks" of  s i n g l e  s t a r s .  Formula (1.3b) shows t h a t  t h i s  i s  a l s o  
t h e  time of t h e i r  formation i n  a quan t i ty  n e a r  t h e  equi l ibr ium quan t i ty .  
Therefore ,  t h e  s tudy  of  t h e  k i n e t i c s  of t h e  formation of p a i r s  can be 
rep laced  by a s tudy of t h e  k i n e t i c s  of t h e i r  d i s r u p t i o n .  

0 

I n  a s t a r  system i n  which movement i s  d i s t r i b u t e d  without o rde r ,  t h e  
average r e s u l t  of t h e  approach of two s ta rs  is  t h a t  t h e  s t a r  wi th  g r e a t e r  
energy t r a n s m i t s  energy t o  t h e  s t a r  with l e s s e r  energy. Thus, i n  co r re -  
spondence with t h e  H-theorem, t h e  energy tends  t o  approach equi l ibr ium.  

Suppose stars of 

approach, v 1  and v v z  
1 

t h e  c e n t e r  of  i n e r t i a  

approach by v and V I ,  

mass m 
a f t e r  t h e  approach. 

by vc and t h e  re ia i i \ i e  v e l o c i t i e s  before  and a f t e r  

t h e  change i n  energy of t h e  f i r s t  s ta r  w i l l  be 

and m2 have v e l o c i t i e s  v 1 1 and v 2  be fo re  t h e  

If we rep resen t  t h e  v e l o c i t y  of 
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/275 - where 4 and 4 '  are  t h e  angles  (vcv) and (v C V I ) .  Let u s  c o n s t r u c t ,  us ing  v C '  

v and V I ,  a s p h e r i c a l  t r i a n g l e  with d i e s  $ ~ ~ 4 '  and x ( s c a t t e r i n g  angle  v v ' )  
32d angle  d~ between s i d e s  x and 4 .  Then 

and t h e r e f  o r e  

x 
2 L 2 cos~p' - cos9 = - 2 cos p sins X + 2 sin 'p cos &sin - cos+. 

Since t h e  va lues  of  J/ a r e  equal ly  probable,  then  on the  average 

A s  we know 

where r i s  t h e  c i t i n g  d i s t ance ,  Y is the g r a v i t y  cons t an t .  
r e s p e c t  t o  a l l  va lues  of  angle  (v v ) and cons ider ing  t h a t  z, a l s o  depends 

on t h i s  ang le ,  w e  produce: 

Averaging wi th  

1 2  
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1. 

The l i m i t  expressions f o r  
form: 

can be a r b i t r a r i l y  represented  i n  a c l e a r e r  

(1.4a) 

= m2 o r  where r X 0 ,  o r  where ZJ 
1 1 

0 o r  which is  c o r r e c t  e i t h e r  where m 

?I2 = 0. 

We w i l l  cons ider  a p a i r  t o  be "strong" i f  t h e  energy of r e l a t i v e  
movement u = -7m m /2a i s  g r e a t e r  i n  abso lu t e  va lue  than  8 / 2 ,  t he  mean energy 1 2  
p e r  degree of freedom ( "g rav i t a t iona l  temperature" of t h e  approaching 
movement of  t h e  stars 8 = mv'/3). 
IuI < 8 /2 .  
2a 

We w i l l  cons ider  a p a i r  t o  be "weak" i f  
The va lue  of  h a l f  a x i s  f o r  which 11.11 = 8 / 2  w i l l  be represented  by 

0 

Thus, t h e  s t r o n g  o r  weak n a t u r e  of  a p a i r  i s  determined as a func t ion  of  t h e  
"temperature" of  t h e  s t e l l a r  medium i n  which it i s  loca ted .  The b a s i s  f o r  
t h e s e  terms w i l l  be  explained i n  t h e  following. 

Encounters o f  s t r o n g  and weak p a i r s  wi th  o t h e r  stars lead  on t h e  
In t h e  case  of a weak p a i r  average t o  e s s e n t i a l l y  d i f f e r e n t  r e s u l t s .  

(a S 2a ) t he  energy of t h e  r e l a t i v e  ( i n t e r n a l )  movement i s  small i n  

comparison wi th  t h e  energy o f  t h e  oncoming s tar ,  equal  on t h e  average t o  
(3/2)8,  and i n  comparison with t h e  same energy of movement of t h e  c e n t e r  of 
i n e r t i a  o f  t h e  p a i r .  

0 

But then  we can cons ider  approximately t h a t  each s t a r  of  t h e  p a i r  has  /276 - 
on t h e  average energy < (3/2)8 (or with equal  mass, energy (3/4)8 ), and 
t h e r e f o r e ,  according t o  (1 .4) ,  t h e  average r e s u l t  o f  t h e  approach w i l l  be an 
inc rease  i n  t h e  energy of  t h e  p a i r ,  i . e .  an inc rease  i n  t h e  s ize  of t h e  
o r b i t .  
Consider ing f o r  s i m p l i c i t y  t h a t  a l l  of t h e  s t a r s  being analyzed have 
i d e n t i c a l  mass m and assuming t h a t  on the  average I E2 - E l  I 
from (1.4)  

In  t h e  fol lowing,  we w i l l  l i m i t  ourse lves  t o  rough e s t ima tes .  

8 , we produce 

The p a i r  w i l l  be  broken up i f  t h e  energy rece ived  by e i t h e r  component of t h e  

5 
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p a i r  becomes equal t o  t h e  coupl ing energy ym2/2a .  
r e s u l t  of one approach t o  a s i g h t i n g  d i s t a n c e  such t h a t  
which 

This  may occur as a 
= ym2/2a ,  from 1 

s i n c e  f o r  weak p a i r s  ym2/2a g 0 .  
approach w i l l  be  

The average wai t ing  time f o r  s x h  an 

, t hen ,  ignor ing  t h e  d i f f e r e n c e  between t h e  average v e l o c i t y  mv-L Since B = - 
and t h e  r e l a t i v e  v e l o c i t y ,  we produce: 

3 

In t h i s  c a l c u l a t i o n  we assumed t h a t  r 4 a ,  o therwise  t h e  oncoming s t a r ,  i n  
p l a c e  of  s imple t ransmiss ion  of energy t o  one component of t h e  p a i r ,  w i l l  
c r e a t e  a " t i d a l "  type  fo rce  which w i l l  have l i t t l e  e f f e c t  where r > a .  
easy t o  see t h a t  i n e q u a l i t y  r g a is f u l f i l l e d  f o r  weak p a i r s .  Actua l ly ,  
according t o  (1 .6) ,  s u b s t i t u t i n g  v 2  = g / m ,  

I t  i s  

If t h e  d i s r u p t i o n  of t h e  weak p a i r  occurs due t o  many "weak" c o l l i s i o n s ,  then  
i n  our  approximation IE - E l l  X 6 i t  is s u f f i c i e n t  t o  determine 2 

On t h e  b a s i s  of t h e  above, rm = a. Here 

6 
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so t h a t  

d E  8xy%rn2n0 ava  , 

dt - Va 2 y m '  In - -- 
a .- 

Therefore ,  t h e  time dur ing  which t h e  energy of t h e  p a i r  i nc reases  by t h e  
value of t h e  coupl ing energy ym2/2a ,  i . e .  t h e  time requ i r ed  f o r  d i s r u p t i o n  
of t h e  p a i r ,  i s  equal  t o  

/277 - 

- 3 V  - - Y8 

16 xyna0 In - 
2-P 

t ,  = 
awp av' ' 

16 xymna In 2ym 

More p r e c i s e  c a l c u l a t i o n  of t h e  mean value of t h e  square of t h e  change i n  
energy over  t h e  r e l a x a t i o n  time A E 2 / r ,  determined by t h e  " c o e f f i c i e n t  of 
d i f f u s i o n  o f  energy i n t o  space" decreases  t h i s  express ion  s l i g h t l y ,  a l though 
even without  t h i s  t h e  expression i s  somewhat l e s s  than (1 .7) .  

Consequently, d i s r u p t i o n  of weak p a i r s  occurs  p r imar i ly  due t o  "weak" 
i . e .  d i s t a n t  encounters ,  and the  time requi red  f o r  d i s r u p t i o n  i s  i n v e r s e l y  
p ropor t iona l  t o  t h e  length  of the  longer h a l f  a x i s .  Obviously, where 
a 3 2a0, t ime t i s  much l e s s  than t h e  r e l a x a t i o n  t ime tr of t h e  s t a r  system 

i n  which t h e  p a i r  i s  loca ted .  This  fol lows from t h e  fact  that  t h e  former i s  
t h e  t ime dur ing  which t h e  energy of t h e  p a i r  changes by t h e  va lue  of t h e  
coupl ing energy, while  t h e  l a t t e r  i s  the  t ime dur ing  which t h e  energy 
changes by much l a r g e r  quan t i ty  8 .  This i s  e s p e c i a l l y  t r u e  s i n c e  t i s  much 

less than  t h e  d i s s i p a t i o n  t ime of t h e  system. Therefore ,  weak p a i r s  can be  
formed i n  a star system i n  equi l ibr ium q u a n t i t y .  

1 

1 

Let us go over  t o  a n a l y s i s  of very s t r o n g  p a i r s .  In t h i s  case, t h e  
k i n e t i c  energy of  t h e  r e l a t i v e  movement i s  g r e a t e r  than  8 ,  i . e .  on t h e  
average g r e a t e r  than  t h e  energy of an  oncoming s t a r  u n t i l  it approaches t h e  
b ina ry  s tar .  
t ransmiss ion  of energy t o  t h e  oncoming s ta r ,  i . e .  a reduct ion  i n  t h e  s i z e  of 
t h e  o r b i t  of t h e  p a i r .  Thus, s t r o n g  p a i r s ,  i n  case of random approaches,  
g e n e r a l l y  become s t r o n g e r .  However, formula (1.4) and t h i s  conclusion from 
it are  t r u e  only f o r  r a t h e r  c l o s e  approaches.  The reason f o r  t h i s  i s  t h a t  
(1.4) was concluded f o r  t h e  approach o f  two f r e e  masses, while  a c t u a l l y  t h e  
component of t h e  p a i r  which i s  approaching t h e  oncoming s t a r  i s  coupled t o  
t h e  o t h e r  component of  t h e  p a i r .  Therefore ,  (1.4) i s  t r u e  only f o r  r a t h e r  
b r i e f  approaches,  dur ing  which t h e  du ra t ion  oE t h e  effect ive i n t e r a c t i o n  of 
t h e  approaching s ta rs  i s  much less than t h e  per iod  of t h e  o r b i t  of t h e  b ina ry  
s t a r .  Th i s  cond i t ion  w i l l  be  f u l f i l l e d  i f  

Due t o  t h i s ,  t h e  average r e s u l t  of an approach w i l l  be  

7 
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where v i s  t h e  o r b i t a l  v e l o c i t y .  Since f o r  very  s t rong  p a i r s  v x &- 0 0 
i s  much g r e a t e r  than  t h e  average v e l o c i t y  of oncoming stars,  v v and 

t h e r e f o r e  t h e  condi t ion  produced i s  equivalent  t o  t h e  prev ious  condi t ion  
r % a ,  used i n  concluding (1 .6) .  

0' 

m 

With g r e a t  s i g h t i n g  d i s t a n c e s  and times of i n t e r a c t i o n ,  t h e  approach 
w i l l  occur "ad iaba t i ca l ly"  i n  t h e  sense  t h a t  t h e  energy taken  from t h e  
oncoming s t a r  from t h e  o r b i t a l  movement w i l l  decrease  r a p i d l y .  
it i s  s u f f i c i e n t  t o  i n t e g r a t e  up t o  r = a. However, i n  t h i s  czse Ir, 
(1.4) a2v:/4r2m2 % 1, while t h e  energy 

of t h e  s t r o n g  p a i r  i s  t r ansmi t t ed  wi th  a s i n g l e  approach t o  s i g h t i n g  
d i s t a n c e  G a. In o t h e r  words, dur ing  a s i n g l e  such approach, an  e s s e n t i a l  
"s t rengthening" of  t h e  p a i r  can occur .  The wai t ing  time f o r  such an event i s  

Therefore ,  

t ransmi t ted  X E l ,  i . e .  t h e  energy 1 

Since  where a 2a t h e  t ime of formation o f  t h e  p a i r  i s  determined by 

formula (1.6) ,  whi le  where a < < 2a0 it i s  determined by formula (1.7) ,  where 

a 

0 

2a both  formulas should g ive  t h e  same o rde r  of magnitude f o r  t h e  0 /278 - 
formation t ime:  t 2 (2a0)  x t1 (2a0) .  

Let us compare t h e  

0 

t ime t2 of formation of  a s t r o n g  p a i r  wi th  a l a r g e  

h a l f  a x i s  a and time t 

2a0. According t o  (1.7) 

of  formation of a p a i r  with " c r i t i c a l "  h a l f  a x i s  

But f o r  p a i r s  wi th  h a l f  a x i s  2a t h e  d i s rup t ion  time, and consequently t h e  

time of formation according t o  t h e  d e f i n i t i o n  of  a 

r e l a x a t i o n  time. If we accept  t h e  estimate of  V .  A .  Ambartsumyan [ l ] ,  
accord ing  t o  which t h e  t ime of d i s s i p a t i o n  is  two o rde r s  of magnitude 
g r e a t e r  t han  t h e  t ime of  r e l a x a t i o n ,  during t h e  time of  d i s s i p a t i o n  of  t h e  
s t a r  system, s t rong  p a i r s  w i l l  form f o r  which t h e  h a l f  a x i s  i s  10 t o  20 times 
less than  t h e  c r i t i c a l  va lue  2a0. Even s t ronge r  p a i r s  w i l l  form i n  a 

q u a n t i t y  amounting t o  only  a sma?? f r a c t i o n  of t h e  equi l ibr ium quan t i ty .  

0 
i s  comparable with t h e  0' 

The conclusions produced i n  t h i s  paragraph con t r ad ic t ed  t h e  erroneous 
conclus ion  of Jeans  [3] ,  who s t a t e d  t h a t  when a weak p a i r  approaches a 
bypass ing  s ta r  t h e  inc rease  i n  o r b i t a l  v e l o c i t y  w i l l  be  accompanied by a 
dec rease  i n  t h e  per iod  (and consequently a decrease i n  t h e  l a r g e  h a l f  a x i s ) ,  



I .. 

while  s t r o n g  p a i r s ,  as a r e s u l t  of t h e  decrease i n  o r b i t a l  v e l o c i t y ,  w i l l  
show an inc rease  i n  per iod  ( lengthening of l a r g e  h a l f  a x i s ) .  
t h i s  c o n t r a d i c t s  mechanics, as wel l  as the n a t u r e  of  t h e  equi l ibr ium 
d i s t r i b u t i o n  func t ion  of p a i r s  by pe r iods  which i n  t h e  case of t h e  "mean" 
per iod  of Jeans  has  no maximum a t  a l l .  The d i s t r i b u t i o n  func t ion  by h a l f  
a x i s  even has  a minimum a t  t h i s  po in t .  

Obviously, 

2. S t a t i s t i c a l  equi l ibr ium of binary s t a r s .  According t o  a genera l  
I , p r i n c i p l e  of s t a t i s t i c a l  phys ics ,  t h e  p r o b a b i l i t y  of l o c a t i o n  of a system 

i n  a c e r t a i n  i n t e r v a l  of s t a t e s  i s  determined by t h e  phase -v.o!ume Z of t h i s  
i n t e r v a l  , c a l c u l a t e d  cons ider ing  t h e  "weight" energy f a c t o r  ,-'IkT; 

where (dp) and (dq) are t h e  products  of  t h e  d i f f e r e n t i a l s  of  t h e  impulses 
and coord ina te s  of t h e  system. Let us apply t h i s  p r i n c i p l e  t o  b ina ry  stars,  
which may be e i t h e r  i n  t h e  "coupled" o r  " f ree"  s ta tes  corresponding t o  
nega t ive  and p o s i t i v e  ene rg ie s ,  c a l c u l a t i n g  t h e  number of s ta rs  and b inary  
stars p e r  u n i t  volume. For coupled p a i r s ,  t h e  weighted phase volume is 
d iv ided  i n t o  f a c t o r s  r e l a t e d  t o  t h e  approaching movement of t h e  c e n t e r  of  
i n e r t i a  (Z  ) and t h e  r e l a t i v e  movement o f  t h e  components of  t h e  p a i r  (Z ) 

C 1 2  
so t h a t  t h e  n w h e r  of p a i r s  o f  s tars  types 1 and 2 i n  a c e r t a i n  i n t e r v a l  of 
s ta tes  p e r  u n i t  volume w i l l  be  

(- r e p r e s e n t s  p r o p o r t i o n a l i t y ) .  
t h e  phase volumes of both components: 

For f r e e  p a i r s  we produce the  product of 

from which 

1 If t h e  lfgas ' l  o f  s tars  can b e  considered i d e a l ,  then  i n  ca lcu ia t i r ig  Z 

and Z2 w e  need not  e x p l i c i t l y  consider  i n t e r a c t i o n s  between s tars  ( the  

g r a v i t a t i o n a l  f i e l d  i s  included only i m p l i c i t l y  through t h e  average k i n e t i c  
energy o f  t h e  s ta rs  o r  t h e  "temperature" e ), i . e .  approaches dur ing  which 
mutual p o t e n t i a l  energy i s  comparable wi th  t h e  average k i n e t i c  energy. 

/279 - 
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2 '  This  condi t ion  leads  t o  t h e  f a c t  t h a t  Z < Z1 and Z o r  n n and n 

Then 
1 2  2 1 2  1 

Let us in t roduce  t h e  Delone v a r i a b l e s  [4] f o r  r e l a t i v e  movement, i . e .  f o r  
movement o f  a body wi th  mass m m /(ml + m ) i n  t h e  f i e l d  o f  a c e n t e r  of  1 2  2 
a t t r a c t i o n  with mass m 1 + m2: 

f n-n- I n  

.. 

where E i s  t h e  e c c e n t r i c i t y ,  i i s  t h e  i n c l i n a t i o n  of t h e  o r b i t .  The c l ea r .  
sense  of  t h e s e  v a r i a b l e s  i s :  L i s  t h e  moment of  t h e  q u a n t i t y  of movement i n  
a c i r c u l a r  o r b i t  of r a d i u s  a ,  G i s  t h e  moment i n  an e l l i p t i c a l  o r b i t  wi th  
e c c e n t r i c i t y  E ,  H i s  i t s  p r o j e c t i o n  on the  d i r e c t i o n  separa ted .  The 
canonica l  conjugate  angular  v a r i a b l e s  are:  2,  t h e  mean anomaly; g ,  t h e  
d i s t a n c e  of  t h e  p e r i a s t r o n  fkom t h e  node, h i s  t h e  l eng th  of t h e  ascending 
node. Since u = -ym m /2a, 1 2  

S u b s t i t u t i n g  t h e  express ions  f o r  t h e  s t a t i s t i ca l  i n t e g r a l s  Z i n t o  
(2 .1)  , w e  produce 

The d i f f e r e n t i a l  equat ion  f o r  t h e  d i s t r i b u t i o n  of  p a i r s  c o n s i s t i n g  of  s tars  
of  t h e s e  types  by l a r g e  h a l f  axes i s  

10 
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We no te  t h a t  t h e  d i s t r i b u t i o n  by per iods ,  equiva len t  t o  (2.3), was 
produced by Jeans  [3] ,  al though wi th  an accuracy t o  an undefined f a c t o r .  
V.  A .  Ambartsumyan [ 2 ,  51 gave an approximate e s t ima te  of  t h i s  f a c t o r .  

Csmpletely analogously w e  can f i n d  the d i s t r i b u t i o n  f o r  t y p i c a l  t r i n a r y  
stars c o n s i s t i n g  of p a i r s  (1,2) wi th  h a l f  a x i s  a p lus  a distaii t  s a t e l l i t e  
(3) r o t a t i n g  about t h e  p a i r  i n  an o r b i t  with h a l f  a x i s  a ' .  In  t h e  i n t e r v a l  

we produce a number of t r i n a r y  stars (per u n i t  volume) 

(2.4) /280 - 

where 

For t y p i c a l  quaternary s t a r s ,  cons i s t ing  of t h e  two c l o s e s t  p a i r s ,  i n  
i n  the  r igh thand s i d e  a co fac to r  of  t h e  n n n n 1234' 1 2 3 4 t h e  express ion  f o r  n 

same s t r u c t u r e  appears ,  and so  f o r t h  f o r  stars of  h ighe r  degrees  of  
mu1 t i p  1 i c  i t y  . 

Let us no te  two p r o p e r t i e s  o f  t h e  equi l ibr ium d i s t r i b u t i o n  (2 .3) :  

1) The more massive stars i n  s t a t i s t i ca l  equi l ibr ium form p a r i s  i n  
h ighe r  percentages  ( t h e r e f o r e ,  t h e  luminance func t ion  f o r  p a i r s  should be 
somewhat d i f f e r e n t  than  f o r  s i n g l e  s t a r s ) .  Also,  t h e  g r e a t e r  t h e  mass of 
t h e  s tars ,  t h e  g r e a t e r  t h e  predominance of c lose  p a i r s .  
conc lus ions  are confirmed q u a l i t a t i v e l y  by observa t ions  [ 6 ] .  

Both d f  t h e s e  

2 )  'The d i s t r i b u t i o n  F ~ n c t i o ~  f i r s t  decreases  as t h e  h a l f  a x i s  i nc reases  
t o  a = 2a then  inc reases .  This  value a = 2a is  t h e  boundary between 

p a i r s  having a tendency t o  become s t ronge r  and p a i r s  having a tendency t o  
expand. 
tendency t o  t r a n s i t i o n  from s t a t i s t i c a l l y  l e s s  probable  s ta tes  t o  s t a t i s t i c -  
a l l y  more probable  s t a t e s .  

0' 0 

We can see from t h e  d i s t r i b u t i o n  curve t h a t  t h i s  involves  a 

11 
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In the area of the sun v = 2 ~ 1 0 ~  cm/sec and for stars of solar mass 
= 101~ cm = 7 astronomical units, increasing for massive supergiants to 2a0 

hundreds of astronomical units. However, in star clusters, where 
v x lo5 cm/sec and less, 2a 
even for stars of medium mass, i.e. the dipping portion of the curve 
encompasses almost all the observed range of large half axes. 

increases to thousands of astronomical units 
I 0 

' In order to estimate the complete share of pairs, we must integrate 
(2.2) with respect to all values of a from al 

spectroscopic binaries to the largest observed stars (a 

l0" cm for the closest 
= 3 ~ 1 0 ~ ~  cm). 2 

This integral can be calculated as the sum of integrals with respect to 

strong and weak pairs: S + S . Since a ao, we can assume in the first 

integral a = a 1 0 0 1  
replacing & by $, which is proper due to the rapid decrease in the 
exponential function, and replace the upper limit of 2a0 by infinity for the 
same reason. Since 2a0 a we can replace the exponential factor by unity 
in the second integral, and replace the lower limit of 2a by zero. Then 

2 a 2a0 
I a 2a0 1 

1 
+ E ,  and expand the index a /a = a /a (1 - E/a, ), 

2' 
0 

In the area of the sun for moderate stellar masses m = 0.4%, the indicator 
a /a = lo2. 
considerably less, this indicator increases. Thus, we come to the following 
conclusion. 

For massive stars and in star clusters where 0 and v are 0 

Statistical equilibrium under galactic conditions corresponds to the 
The colossal fact that practically all binary stars must be quite close. 

value of the exponential function, which cannot be compensated by the pre- 
exponential factors, shows that in statistical equilibrium with the 
"temperature" 0 of the galaxy (and particularly at the "temperatures" of the 

aggregates, i.e. "condensation" of the star gas should occur. Here, the 
formulas which we have written cease to become quantitatively correct, since 
the single and multiple stars cannot be considered "atoms" and "molecules" of 
an ideal gas, but rather we must consider th6 interactions in the integrals 
for the translational degrees of freedom in (2.1) but, nevertheless, the 
qualitative conclusion remains correct. 

/281 star clusters) all of the stars should become binary, trinary and similar - 

12 
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This "condensation" cannot occur s ince ,  as we know, t h e  time requ i r ed  
I f o r  formation of s t rong  p a i r s  i s  very  g rea t ,  i nc reas ing  without  l i m i t  a s  t h e  

h a l f  a x i s  length  is  decreased,  and the re fo re  becoming much g r e a t e r  than  t h e  
time of d i s s i p a t i o n  of t h e  system. To t h i s ,  we must add cosmogonic f a c t o r s  
( i n  t h e  narrow sense of  t h e  term),  f o r  example evolu t ion  of i nd iv idua l  stars. 

For r a t h e r  broad, weak p a i r s ,  equi l ibr ium i s  e s t a b l i s h e d  r a t h e r  
qu ick ly ,  so  t h a t  t h e  conclusions based on our  a n a l y s i s  of  s t a t i s t i c a l l y  
equi l ibr ium s ta tes  can be appl ied  t o  them. 
area of t h e  sun t h e  number of broad p a i r s  i s  many o rde r s  o f  iiiagnitude 
g r e a t e r  than  t h e  equi l ibr ium number corresponding t o  t h e  condi t ions  i n  t h e  
area o f  t h e  sun. 
which can be observed (up t o  2-10' astronomical u n i t s )  has  a decreas ing  
na tu re .  
p a i r s  which w e  can observe were formed i n  t h e  g a l a c t i c  s t a r  c l u s t e r s  and 
then  "evaporated't from them. Due t o  t h e  low "temperature" 8 ,  and t o  a 
c e r t a i n  ex ten t  due t o  t h e  h igh  d e n s i t y  n of t h e  g a l a c t i c  c l u s t e r s ,  t h e  
equ i l ib r ium number of  broad p a i r s  f o r  the c l u s t e r s  i s  many o rde r s  of  
magnitude h igher  than  t h e  equi l ibr ium number i n  t h e  a r e a  of t h e  sun and i s  
comparable t o  t h e  number which we a c t u a l l y  observe.  

Ambartsumyan showed t h a t  i n  t h e  

However, t he  d i s t r i b u t i o n  of a throughout t h e  e n t i r e  range 

Both o f  t h e s e  facts  can be explained by assuming t h a t  a l l  of  t h e  

Let us now demonstrate t h a t  t h e  hypothesis  of t h e  formation of b ina ry  
stars i n  s t a r  c l u s t e r s  q u a n t i t a t i v e l y  explains  t h e  high percentage of  b ina ry  
stars wi th  h a l f  axes i n  thousands of astronomical u n i t s  observed. S i n c e .  
t h e  i n t e r v a l  of  va lues  of a which i n t e r e s t s  u s  i s  n e a r  t h e  va lue  of a. f o r  - 
t h e  c l u s t e r s ,  t h e  approximate method of i n t e g r a t i o n  of  (2.2) which w e  used 
i n  producing (2.5) cannot be used here .  However, w e  can use  t h e  €act t h a t ,  
as numerical  c a l c u l a t i o n s  show, i n  t h e  a rea  0.5 < a/ao < 5 ,  t h e  func t ion  

e "'Ia& changes s lowly.  
a r e a  w e  can cons ider  t h a t  

Therefore ,  f o r  an approximate e s t i n a t e  i n  t h i s  

In  t h i s  case 

With a d e n s i t y  of s a t e l i i t e  stars i i l  t h e  cluster cf T, = 10 c + a r s  p e r  

cub ic  p a r s e c  and a = m20) 
t h e  s h a r e  of b ina ry  stars with h a l f  axes from 2,000 t o  10,000 astronomical 
u n i t s  i s  

2 -" ----- 
= 4000 astronomical u n i t s  (u = l o 5  cm/sec, m m 0 1 2  

13 
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which corresponds t o  t h e  observed f a c t s .  

In ana lyz ing  t h e  process  of  formation of  broad p a i r s  i n  s t a r  c l u s t e r s ,  
w e  must keep i n  mind t h a t  t h e  c l u s t e r s  d i s s i p a t e  and become denser .  
with long h a l f  axes a should be formed before  t h e  mean d i s t a n c e  between 
s tars  i n  t h e  c l u s t e r  becomes less than  a .  
f u l f i l l e d ?  Suppose t h e  i n i t i a l  d e n s i t y  o f  t h e  c l u s t e r  i s  equal t o  n and 

-'I3 where no -'I3 i s  t h e  mean d i s t ance  between s ta rs ,  E i s  a number 0 a = En 

less than  u n i t y .  We are i n t e r e s t e d  i n  the t ime a f t e r  which t h e  dens i ty  w i l l  

b e  such t h a t  a = Eno -'I3 = n - 'I3, from which 

Pairs 

Is t h i s  cond i t ion  a c t u a l l y  

0 / 2 8 2  - 

Analysis  of t h e  evo lu t ion  of c l u s t e r s  [7] shows t h a t  

where td i s  the  time of complete d i s s i p a t i o n  and, consequent ly ,  t h e  time 
which i n t e r e s t s  us  i s  

. I  ' .  2 1  

t = t d ( l  -- 6%). \i 
I t  i s  necessary  t h a t  t h e  t ime of formation o f  t h e  broad p a i r s  which we are 
ana lyz ing  t be much l e s s  than  t h i s  time. Obviously, t h i s  requirement w i l l  

p r a c t i c a l l y  always be  f u l f i l l e d ,  s i n c e  t 
1 

< tr * td. 1 

In  formula (2 .6)  w e  d i d  not  consider  t h e  p a i r s  which were s t r o n g  
under  t h e  cond i t ions  of t h e  c l u s t e r .  However, as was es t imated  a t  the  end of  
$1, du r ing  t h e  time of d i s s i p a t i o n  of the  c l u s t e r ,  p a i r s  w i l l  form f o r  which 
a is  an o rde r  of magnitude less than  a The exponent ia l  func t ion  i n  0 '  
( 2 . 3 )  f o r  such p a i r s  i s  q u i t e  l a rge ,  and t h e r e f o r e  t h e  t o t a l  sha re  of t h e  
p a i r s  i s  inci-eilsed and UrrL- qnnrnaches uni ty .  Data from observa t ions  i n  t h e  area 

1 4  
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of t h e  sun i n d i c a t e  over  30% mul t ip l e  s t a r s 1 .  

Considering t h a t  t h e  s h a r e  of s t a r s  of  h igher  m u l t i p l i c i t y  decreases  
approximately i n  a geometric progress ion ,  w e  should expect approximately 10% 
t r i n a r y  stars, approximately 3% quadruple stars,  approximately 1% qu in tup le ,  
e t c .  
i nc rease  i n  t h e  exponent ia l  func t ion ,  a cons iderable  p o r t i o n  of t h e  stars of 
h igher  m u l t i p l i c i t y  should form t rapezoid  type  systems. 

S ince  t h e  reduct ion  i n  d i s t a n c e  between stars i s  accompanied by an 

Thus, we come t o  t h e  conclusion t h a t  a t  least  a u ~ i t  sha re  =f a l l  t h e  
stars i n  t h e  galaxy came from star c l u s t e r s .  The c l o s e  connect ion between 
t h i s  conclusion and t h e  r e c e n t l y  s t a t e d  hypothesis  of V .  A. Ambartsumyan 
t h a t  t h e  s ta rs  of t h e  f l a t  subsystems, and poss ib ly  a l l  s tars,  were formed 
i n  a s s o c i a t i o n s  [ 8 ] ,  i s  obvious.  

A s  was noted above, massive stars form p a i r s  i n  g r e a t e r  numbers, and 
f o r  massive s tars  2a 

observed h a l f  axes of t h e  o r b i t s  of  s ta r  c l u s t e r s .  
p o r t i o n  of t h e  curve of  d i s t r i b u t i o n  of a may be t o t a l l y  absent  i n  c l u s t e r s  
where b ina ry  stars are formed. On t h e  o the r  hand, a f t e r  t h e  evaporat ion of  
a p a i r ,  it f i n d s  i t s e l f  i n  condi t ions  under which t h e  d i s s o c i a t i o n  of p a i r s  
occurs  much more f r equen t ly  than  t h e  formation of new p a i r s .  The broader  a 
p a i r ,  t h e  more r a p i d l y  it w i l l  d i s s o c i a t e  under t h e  in f luence  of  random 
c o l l i s i o n s  wi th  o the r  stars.  Therefore ,  t h e  decreas ing  na tu re  of t h e  
d i s t r i b u t i o n  of  a i n  t h e  area of t h e  sun may be  explained e i t h e r  by t h e  
cond i t ions  of formation of b ina ry  s tars  i n  c l u s t e r s ,  o r  by the  condi t ions  of 
t h e i r  d i s s o c i a t i o n  a f t e r  "evaporation" from t h e  c l u s t e r s .  

may reach  va lues  in  s t a r  c l u s t e r s  equal  t o  t h e  maximum 

Therefore ,  t h e  ascending 
0 

The process  of evaporat ion o f  b r o a d . p a i r s  i s  not  accompanied by t h e i r  
d i s s o c i a t i o n .  The evapora t ion  of  p a i r s ,  l i k e  t he  evaporat ion of i nd iv idua l  
s ta rs ,  from c l u s t e r s  occurs  as a r e s u l t  o f  t h e  tremendous numbers of  very  
weak e n e r g e t i c  fo rces  occurr ing  a t  median or  near  median d i s t a n c e s  between 
stars.  Each such i n t e r a c t i o n  t r ansmi t s  energy, t h i s  energy be ing  not  only 
less than  t h e  mean energy of t h e  s tars ,  but  even l e s s  than  t h e  energy of t h e  
very  broades t  p a i r s .  
equ i l ib r ium number. 

/283  - 

Therefore ,  t hey  do n o t  d i s s o c i a t e ,  bu t  r a t h e r  remain i n  

The f irst  t o  evaporate  from c l u s t e r s  are s i n g l e  stars of mean mass m 
and p a i r s  of l i g h t  s ta rs  with t h e  same t o t a l  mass. Gradual ly ,  t h e  process  
encompasses more massive and l e s s  massive s i n g l e  stars and, s imultaneously,  

~~ 

Under t h e  condi t ions  i n  t h e  a rea  o f  the s u n  a l l  p a i r s  w i t h  a > io-20 
as t ronomical  u n i t s  a r e  weak, t h e i r  number exceeds t h e  equi l ibr ium number, 
and t h e r e f o r e  i n  p r a c t i c e  only d i s soc ia t ion  w i l l  occur here .  P a i r s  w i t h  ha l f  
axes  not exceeding a few astronomical u n i t s  a r e  a l s o  s t rong  i n  t h e  a r ea  o f  
t h e  s u n ,  and t h e i r  number has a tendency t o  increase .  
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t h e  corresponding p a i r s .  If t h e  c l u s t e r  cons i s t ed  of  stars of i d e n t i c a l  
I mass, t h e  evaporat ion o f  p a i r s  would be  s t rong ly  r e t a rded .  

In  conclusion we note  t h a t  our  hypothesis  c o n s i s t s  of a syn thes i s  of 
apparent ly  con t r ad ic to ry  sugges t ions  concerning t h e  genera l  o r i g i n  of t h e  
components (V. A.  Ambartsumyan) and t h e  formation o f  p a i r s  by t h e  capture  
mechanism (0. Yu. Shmidt), s i n c e  w e  be l i eve  t h a t  t h e  components were formed 
i n  a s i n g l e  a s s o c i a t i o n ,  then  jo ined  i n t o  p a i r s  by g r a v i t a t i o n a l  cap ture  
w i t h i n  t h i s  a s s o c i a t i o n .  If t h e  second process ,  t h a t  o f  formation of b i n a r y  
stars, occurred a t  an ear l ie r  s t a g e ,  when t h e  f i rs t  process ,  t h a t  of t h e  
formation of stars, had not  y e t  been completed, f r i c t i o n  might be very  
important i n  t h e  k i n e t i c s  of captures .  

3 .  Binary s t a r s  i n  r o t a t i n g  clusters.  Let u s  analyze t h e  s t a t i s t i c a l  
*equi l ibr ium of b ina ry  stars i n  s tar  c l u s t e r s ,  r o t a t i n g  as a u n i t  whole, i . e .  

Let us assume t h a t  x i t h  nonzero summary moment of  t h e  quan t i ty  of movement. 
t h e  angular  v e l o c i t y  i s  independent of  t he  d i s t a n c e  from t h e  a x i s  of t h e  
c l u s t e r .  

equi l ibr ium d i s t r i b u t i o n  w i l l  be t h e  ord inary  d i s t r i b u t i o n  e -ul’e, where t h e  
express ion  f o r  energy u inc ludes  t h e  “ c e n t r i f u g a l  energy” [9]  : 

In  a frame of  r e fe rence  r o t a t i n g  t o g e t h e r  wi th  t h e  c l u s t e r ,  t h e  

1 

Let us go over  t o  t h e  nonmoving frame o f  r e f e rence :  v = v - ai( r .  Then 1 

where H, as i n  52, r e p r e s e n t s  t h e  component of  t h e  moment of  t h e  q u a n t i t y  of  
movement of t h e  p a i r  a long t h e  a x i s  of r o t a t i o n  of t h e  c l u s t e r .  Therefore  

- 1 l s w F l  

dn,, rn e d L d G d H .  

In t roducing  t h e  v a r i a b l e s  a ,  e and i in  p l a c e  of  L ,  G and H, we have: 

s o  t h a t  
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In  t h e s e  formulas,  t h e  movement of t he  cen te r  of  i n e r t i a  of t h e  p a i r  i s  
separa ted ,  s o  t h a t  moment G relates only t o  t h e  i n t e r n a l  movement of  t h e  
p a i r .  

First of a l l ,  (3.2) g ives  us t h e  uneven d i s t r i b u t i o n  of o r b i t  i n c l i n -  
a t i o n s .  I t  i s  s imple r ' no t  t o  analyze the  func t ion  

OG , 

' (in,, 
m e  sin i, I 

-- 
I * -  f -  

d i  

but  r a t h e r  t h e  d e n s i t y  of  t h e  po le s  of the  o r b i t s  i n  t h e  c e l e s t i a l  sphere /284 - 

W G  - cosi 

d cos i 
(3 .3)  

The unevenness of t h i s  func t ion  appears more sha rp ly ,  t h e  g r e a t e r  t h e  
moment of t h e  movement of t h e  p a i r  G .  I f  a l l  b ina ry  stars i n  t h e  a r e a  of 
t h e  sun came from t h e  same r o t a t i n g  c l u s t e r ,  we can f i n d  f o r  them an a x i s  
r e l a t i v e  t o  which dn / ( d  cos  i )  has the  form o f  (3 .3) .  If they  came from 

many c l u s t e r s ,  whose axes were symmetrically d i s t r i b u t e d  about t h e  a x i s  of 
t h e  galaxy,  t h e  d e n s i t y  of  t h e  poles  of t h e  o r b i t s  of a l l  b i n a r i e s  w i l l  a l s o  
have an a x i s  of symmetry corresponding t o  t h e  a x i s  o f  t h e  galaxy. 

I 

1 2  

In  o rde r  t o  e s t a b l i s h  t h e  d i s t r i b u t i o n  of e c c e n t r i c i t i e s  E ,  l e t  u s  
i n t e g r a t e  (3.1) with r e s p e c t  t o  H from - G  t o  +G or  (3.2) with r e s p e c t  t o  i 
from 0 t o  7 ~ :  

This  express ion  con ta ins  t h e  c o r r e l a t i o n  between t h e  l a r g e  h a l f  a x i s  and t h e  
e c c e n t r i c i t y .  Therefore ,  it i s  poss ib l e  i n  p r i n c i p l e  t o  use observa t ions  of 
t h i s  c o r r e l a t i o n  tz es t ima te  t h e  mean angular  r a t e  of r o t a t i o n  of t h e  
c l u s t e r s  from which t h e  p a i r s  being analyzed o r i g i n a t e d .  
small moment G @ e / w ,  

For p a i r s  wi th  
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i . e .  t h e  r o t a t i o n  of  t h e  c l u s t e r s ,  n a t u r a l l y ,  i s  not  added. For p a i r s  wi th  
l a r g e  moment G > O/u, t h e  d i s t r i b u t i o n  func t ion  decreases  wi th  inc reas ing  
e c c e n t r i c i t y ,  so  t h a t  t h e  sha re  of p a i r s  wi th  low e c c e n t r i c i t y  i s  g r e a t e r  
than  i n  t h e  preceding case.  Thus, wide p a i r s  should more f r equen t ly  have 
low e c c e n t r i c i t y  than  c l o s e  p a i r s .  
reverse cha rac t e r .  
s e l e c t i o n  remain unknown. 

Observations show a c o r r e l a t i o n  of  t h e  
The reason f o r  t h e  divergence and t h e  p o s s i b l e  r o l e  of  

F i n a l l y ,  r o t a t i o n  decreases  t h e  s teepness  of  t h e  drop i n  t h e  d i s t r i b u -  
t i o n  func t ion  wi th  inc reas ing  h a l f  a x i s  f o r  s t r o n g  p a i r s  and a c c e l e r a t e s  t h e  
inc rease  of  t h i s  func t ion  f o r  weak p a i r s .  
t h i s  i nc rease  i s  no t  a c t u a l l y  observed a r e  given a t  t h e  end of $ 2 .  

Poss ib l e  explana t ions  as t o  why 
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